With Chemically Enhanced Primary Treatment (CEPT) as the short-term process, the capacity of Bailonggang Wastewater Treatment Plant accounts for almost 25% of the total capacity of wastewater treatment in Shanghai, China. However, shortly after this plant was placed in operation in 2004, it was found that the effluent of CEPT couldn't meet the new national discharge criteria. Although the removal of phosphate is almost 80%, chemical oxygen demand (COD) and ammonia nitrogen (NH 3 -N) in the effluent is frequently found to exceed the standards.
INTRODUCTION
Chemically enhanced primary treatment (CEPT) or advanced primary treatment (APT) involves using chemicals to enhance the coagulation and flocculation so as to remove pollutants from wastewater more effectively (Haydar & Aziz 2009) . CEPT was believed to be a costeffective method for wastewater treatment in developing countries (Harleman & Murcott 1999) . CEPT possesses some advantages in wastewater treatment, such as saving footprint (Aiyuk et al. 2004a) , small investment and efficient removal of some pollutants such as phosphate (Jiang & Graham 1998 ), low energy requirement (De Feo et al. 2008) , easy to operate and maintain (Jordao & Volschan 2004) , and so on. For these reasons, CEPT has been widely used over the last twenty years, not only in municipal wastewater treatment (Ho et al. 2008) , but also in industrial wastewater treatment (Haydar & Aziz 2009 ). CEPT has also been used in some mega cities in developed districts, such as Hong Kong (Chu et al. 1998) . In addition to carbon and nutrients, CEPT also removes other contaminants, such as heavy metals, PAHs (polycyclic aromatic hydrocarbons), PCBs (polychlorinated biphenyls) and helminth eggs associated with particles (Jimenez & Chavez 1998; Johnson et al. 2008; Haydar & Aziz 2009 ).
In recent years, China has invested huge sum of money in the construction of wastewater treatment plant, especially in those mega cities such as Shanghai (Yang 2003) . Due to the investment and operation cost, it was suggested that wastewater treatment plants should be doi: 10.2166/wst.2009.547 constructed step by step, typically with primary treatment such as CEPT as the short-term (first stage) option and secondary treatment as the long-term option.
In 2004, the CEPT process was placed in operation in Bailonggang Wastewater Treatment Plant with a capacity of 1,200,000 tons/day (4.542 £ 10 9 gallons/day), which was almost 25% of the total capacity of wastewater treatment in Shanghai City. The plant served an area of 271.7 km 2 with a population of 3,557,600 (Yang 2003) . After CEPT treatment with aluminum sulfate (Alum) as coagulant, the wastewater was discharged into the Yangtze River (Yang 2003) .
However, shortly after this treatment was placed in operation, it was found that the COD and ammonia in the effluent didn't meet the national criteria, which caused great concern in the public. In addition, with the increasing discharge, it was believed that a stricter standard should be implemented in this plant so as to protect the ecosystem of the Yangtze estuarine.
To improve the efficiency of coagulation process, one potential solution is the preparation of chemicals with higher efficiency to remove target pollutants (Yan et al. 2008c) . In recent years, inorganic polymers have been widely implemented in China (Shi et al. 2007; Wang et al. 2008; Yan et al. 2008a,b; Wei et al. 2009 ). The most popular coagulant in China is polyaluminum chloride (PACl) (Li et al. 2005) . However, the PACl has raised great concern because of the potential hazard of residual aluminum (Jiang & Kim 2008) . In our lab, a new coagulant (HP-PACl) has been prepared based on the modified synthesis of PACl.
This modified process involves addition of organic polymer (polyacrylamide, PAM) as precipitant which enhances the precipitation of floc. The HP-PACl contains large amount of cationic aluminum hydrolysis -polymerization production.
It proves to be an effective coagulant and performs very well not only in wastewater treatment but also in potable water treatment.
In this study, HP-PACl is used as a substitute for Alum which had being used in the Bailonggang Wastewater Treatment Plant. The objectives of this study are to (1) improve the efficiency of COD and NH 3 -N removal by CEPT; (2) minimize the consumption of chemicals and reduce the operation cost; (3) provide information for the upgrade of this CEPT to a secondary process in the future.
METHODS

Raw wastewater characteristics and discharge criteria
The raw wastewater for CEPT treatment was collected from However, in consideration of the treatment ability of CEPT, the design values were greater than (or equal to) the discharge criteria which were listed in national standards (Table 1) .
CEPT process
The CEPT process includes two parts: wastewater was oxidized to remove NH 3 -N and a fraction of the COD, followed by coagulation to remove phosphate and most of the remaining COD ( Figure 1 ). 
Ca(OCl) 2 was used as the oxidant, and HP-PACl was compared with Alum which had being used in the plant.
HP-PACl was a highly-effective inorganic-organic polymer (Li et al. 2005) . Although the organic polymer only accounted for a small part (1%), it enhanced the precipitation of the floc and improved the performance of coagulation. In addition, the integration of inorganic coagulant with organic polymer made it possible to add the chemicals at one point, which was better than the common practice of adding coagulant and coagulant aid at two different stages (dual mode coagulation). The synthesis of HP-PACl involved three steps: firstly, the bauxite was dissolved using acid; secondly, the Basicity was adjusted with calcium aluminate; finally, Mercapto polymer was employed to remove metal ion and insoluble substances. The content of Al 2 O 3 in HP-PACl is determined to be in the range of 10.3% , 13.7%, and the Basicity is about 91.6% , 92.9%. Detailed description of the synthesis and characterisation can be found in our precious study (Li et al. 2005) .
Coagulation procedure
Coagulation was performed following the jar test method with a ZR4-6 six paddle jar tester (Zhongrun Company, Shenzhen, China). Jar tests were carried out at 208C.
1,000 mL wastewater was added into each of one-liter beakers and was coagulated according to the procedure shown in Table 2 . After sedimentation, the supernatants were collected to measure COD, BOD, NH 3 -N, SS and phosphate.
To According to onsite investigation and data from other similar wastewater treatment plant, the design COD of this plant was 320 mg/L. However, after Bailonggang wastewater treatment plant was placed in operation, it was found that the actual COD in the influent fluctuated from 100 mg/L to 600 mg/L. Occasionally, at midnight or early in the morning, the COD was as high as 400 , 600 mg/L. Possible reason was that some factories discharged wastewater illegally at night.
The COD of the raw wastewater and the CEPT treated effluent for the three months operational period from September to November 2006 is given in Figure 2 . As shown in Figure 2b , COD could be reduced below the criteria (100 mg/L) when the influent COD was in the range of design values, although occasionally the COD might be higher than the discharge standard at night when the influent COD was somewhat high. However, when the COD was too high (400 , 600 mg/L), it was impossible for the CEPT to reduce COD below 100 mg/L. The removal rate of COD using 100 mg/L HP-PACl was slightly higher than using 140 mg/L Alum (61.1% vs. 56.7% in Figure 2b and 68.8% vs. 64.1% in Figure 2c ). These findings demonstrated that even though the HPPACl could enhance the COD removal to some extent, it was still very difficult to make the COD meet the discharge criteria at any time, especially when the COD in influent was too high. To ensure that the COD in the effluent is below the criteria, a secondary treatment process is needed.
Similar findings have also been reported by another study which showed that the organic matter remaining after CEPT was still high and in the soluble form which required a secondary treatment to meet the discharge criteria (Haydar & Aziz 2009 ). used for several decades, the mechanism of phosphate removal by coagulation is still controversial. Some researchers suggested that the charge density of the metal-hydrolyzed species was the main factor determining the efficiency of phosphate removal (Ratnaweera et al. 1992) . Based on this theory, they concluded that a single metal ion such as Al 3 þ should be more effective than the pre-polymerized inorganic coagulants for the removal of phosphate.
Removal of phosphate
However, other researchers argued that the mechanism of phosphate removal by coagulation was the sorption of phosphate onto floc (Galarneau & Gehr 1997) . The findings of this study provide evidence for the former mechanism.
It was also noted that the phosphate in effluent was below the discharge criteria (1 mg/L). However, in consideration of the fact that this plant was located at the Yangtze Delta, a stricter standard for phosphate may be applied to alleviate the eutrophication. Actually, according 
Removal of ammonia nitrogen
It is well-known that it is difficult to remove NH 3 -N by CEPT.
Thus, CEPT is often combined with other process (such as ion exchange) to remove NH 3 -N (Aiyuk et al. 2004b) . In this plant, the design (expected) concentration of NH 3 -N in the influent was 30 mg/L, while the discharge standard for NH 3 -N was 25 mg/L. According to our monitoring, however, it was found that the actual range of NH 3 -N in the influent was from 20
to 40 mg/L, being possibly as high as 30 , 40 mg/L at night.
In our preliminary studies, different coagulants were tried, including PACl, PAFC, and HP-PACl. As expected, the average removal rate of NH 3 -N by CEPT was only 5%, which demonstrated that it was difficult to remove 
Cost-effective analysis
The cost-effective analysis is shown in Table 3 . It was found that if the 140 mg/L Alum was substituted by 100 mg/L HP-PACl, 1,714 U.S. dollars will be saved each day.
However, to meet the requirement of NH 3 -N criteria, 45,000.00 dollars are needed each day for the oxidant, which was almost 4 times that of the cost of coagulant.
Given that the NH 3 -N in the effluent was below the discharge criteria most of the time during the day, it was suggested that the addition of oxidant should not be a regular practice, but as a temporary measures to cope with the emergent rising of NH 3 -N at night. 
